Abstract-This paper deals with the problem of modeling and controlling a robotic convoy. Guidance laws techniques are used to provide a mathematical formulation of the problem. The guidance laws used for this purpose are the velocity pursuit, the deviated pursuit, and the proportional navigation. The velocity pursuit equations model the robot's path under various sensors based control laws. A systematic study of the tracking problem based on this technique is undertaken. These guidance laws are applied to derive decentralized control laws for the angular and linear velocities. For the angular velocity, the control law is directly derived from the guidance laws after considering the relative kinematics equations between successive robots. The second control law maintains the distance between successive robots constant by controlling the linear velocity. This control law is derived by considering the kinematics equations between successive robots under the considered guidance law. Properties of the method are discussed and proven. Simulation results confirm the validity of our approach, as well as the validity of the properties of the method.
I. INTRODUCTION
T HE USE OF mobile robots to follow moving objects is a significant research problem in mobile robotics. This problem is addressed from different points of view (e.g., artificial vision, control theory, artificial intelligence), and various algorithms were suggested to achieve this task. Detection, tracking, pursuit, car-following, and autonomous driving are the major related themes. Most of the techniques used for moving objects following and pursuit can be divided into two main classes: model-based and feature-based. Visual servoing, which consists of controlling the motion of the robot based on visual features is among the most used techniques for tracking moving objects ( [1] - [7] ). Detection and tracking of humans using mobile robots is considered in ( [1] , [2] ). In both papers, the tracking algorithm is based on artificial vision. In [3] , another strategy based on visual servoing was used for tracking humans as well as rigid bodies. Different aspects in visual servoing such as robust real-time implementation [4] , compensation of abrupt changes in the target motion [5] , and camera uncertainties [6] were also addressed. Positioning a robot with respect to its target based on visual servoing was considered in [7] . Simulation of the pursuit of moving objects using a mobile robot and an artificial vision algorithm is considered in [8] .
stay in the camera scope of the pursuer. This requirement is necessary to implement a vision-based algorithm [8] . Our aim here is to give a mathematical formulation of the problem of modeling and controlling a convoy of wheeled mobile robots. We propose a novel approach based on guidance laws strategies, where the robotic convoy is modeled in terms of the relative velocities of each lead robot with respect to its following robot. This approach is different from the other suggested approaches (e.g., artificial vision, nonlinear and fuzzy control). It results in important simplifications to the sensory system as compared to artificial vision algorithms. Moreover, our approach devises a systematic study of the problem based on kinematics equations. From such study, results concerning the tracking problem are rigorously proven. The guidance laws used for this purpose are the velocity pursuit, the deviated pursuit, and the proportional navigation. The velocity and deviated pursuits are special cases of the proportional navigation, which is the most known and the most used guidance law in practice. Some animals (e.g., dogs) use the velocity pursuit to catch moving objects [22] . Humans also may use some kinds of guidance laws in different sports, such as baseball [23] .
In [24] , the author discusses the answer to the question: "why the ants trails look so straight and nice". He establishes a mathematical model, which states that ants keep their trails straight and nice because they are navigating using the velocity pursuit guidance law. Insect and animal navigation continues to fascinate researchers in robotics, prompting the development of various ant-inspired, as well as other insect and animal-inspired, navigation algorithms ( [25] - [29] ).
An application of guidance laws to solve robotics problems can be found in [30] , where the authors suggest an algorithm for robotic manipulator grasping of moving objects using the proportional navigation. A more recent and more detailed study for robotic catching of moving objects using the proportional navigation and its variants is discussed in ( [31] and [32] ). To the best of our knowledge, we are the first to use guidance laws to formulate the problem of modeling or controlling a robotic convoy. For the control of the convoy, we design two control laws for all following robots. The first control law is related to the angular velocity. The design of this law is based on guidance laws strategies. The second control law concerns the linear velocity, where the aim is to keep a constant distance between robots. This control law is derived using the kinematics equations under the guidance law between two successive robots. Both control laws are decentralized. This paper is organized as follows. After describing the model for the robots and deriving the kinematics equations, we discus the tracking problem under the velocity pursuit, the deviated pursuit, and the proportional navigation. The control law for the angular velocity is then derived. Thereafter, a second control law for the linear velocity is derived for the three approaches, and important properties of the method are discussed and proven. Finally, simulation under various conditions is elaborated.
II. PROBLEM FORMULATION
Given unconnected wheeled mobile robots which are expected to move in a convoy, the aim is to design a closed-loop control law for autonomous robots in order to follow the lead robot while keeping a constant distance from each other. The problem is essentially a motion matching problem. Fig. 1 shows the robotic convoy in the Cartesian frame of reference. The lead robot denoted by may be autonomous or may be remotely controlled. Let be the path traveled by the lead robot, with being the coordinates of the lead robot in the Cartesian frame of reference. It is assumed that is a smooth function. We have the following assumptions.
1) The robots move in the horizontal plane.
2) Initially all the robots are in a position of a convoy.
3) The path of the lead robot is not known a priori. 4) For the implementation of the algorithm, it is assumed that each following robot has a sensory system capable of measuring the linear and angular velocities of its lead robot. Note that this problem is a real-time problem, and therefore, the control strategy must be elaborated in real time. As we mentioned previously, our aim is to formulate the problem of robotic convoy mathematically based on the kinematics equations and suggest a solution based on guidance laws.
III. ROBOTS' MODEL AND RELATIVE KINEMATICS EQUATIONS
We assume that all robots are modeled as wheeled mobile robots of the unicycle type. The robot is denoted by , for . Robot has the following kinematics equations: (1) where are the coordinates of the reference point of robot in the Cartesian frame of reference. is its orientation angle with respect to the positive x-axis. and are the linear and angular velocities, respectively. They are also the control inputs. Robot has the following linear velocity vector:
where and are the unit vectors and . The relative range between robots and is denoted by and is given by (3) which can be written as follows: (4) with in this case. By taking the time derivative of the relative range, we get the relative velocity (5) which can be decomposed into two components with respect to the x-and y-axes as follows: (6) By considering the kinematics equations for the robots, we get (7) This model represents the relative velocities of the robot with respect to the robot in the Cartesian frame of reference.
In this paper, we use polar coordinates representation for all robots. Polar coordinates are used by several authors ( [33] , [34] ) to design different control laws for robots of the unicycle type. Fig. 2 illustrates the Cartesian and polar coordinates representations. Consider the following change of variable: (8) where is the radial coordinate and is the angular coordinate. Under this change of variable, the kinematics model for the robots is (9) This system is obtained by noting that (10) and (11) and using system (8) with the kinematics equations of the robots. Before we discuss the control strategies, we need to introduce some definitions related to geometric quantities, since guidance laws are based on geometry. The geometry of the tracking problem is illustrated in Fig. 3 . The line of sight between robot and robot is the virtual straight line starting from the reference point of robot and directed toward robot . This line is denoted by . The line of sight angle is the angle between the positive x-axis and the line of sight. For the line of sight between robots and , we have the line of sight angle . The relative distance between robots and is given by (12) and the line of sight angle is given by (13) For a convoy of robots, we have lines of sight and line of sight angles. Consider the relative velocity between two successive robots (14) can be decomposed into two components along and across the line of sight . The radial velocity denoted by is the component of along the line of sight; the tangential velocity denoted by is the component of across the line of sight. The radial velocity and the tangential velocity are respectively expressed as (15) (16) Equations (15) and (16) provide a kinematics model for the robotic convoy. They represent the relative velocities of the lead robot with respect to the following robot , along the line of sight , and normal to the line of sight, respectively. The angle is a lead/follow angle depending on the role of the robot being in a lead or following position. It represents the angle between the line of sight and the velocity vector. For each pair of lead-following robots joined by the line of sight , the lead/follow angles are, respectively, expressed as (17) (18) Clearly, is excluded in (17) and is excluded in (18) . Thus, the lead/follow angle is a function of the robot's orientation angle and the line of sight angle.
IV. TRACKING PROBLEM
Our aim is to design a decentralized closed-loop control law for the angular velocity of robots. The control law allows each robot, except , to follow its leading robot (except ). Our strategy is based on the pursuit and the proportional navigation guidance laws, which are closed-loop control laws. The pursuit and the proportional navigation are among the most important guidance laws ( [22] , [35] , [36] ) (initially designed for missile guidance). The pursuit is a special case of the proportional navigation guidance law, which is the most known and the most used guidance law in practice. There exist two variants of the pursuit: velocity pursuit and deviated pursuit. The two variants are discussed and used in this paper. For the proportional navigation, we use specific values of the proportionality factor in such a way that the proportional navigation appears as a deviated pursuit with time-varying deviation angle.
A. Principle of the Guidance Laws
The guidance laws used here are based on the geometry and the kinematics equations. The principle of the velocity pursuit is to make the velocity vector of the pursuer lying on the line of sight joining the pursuer and its target point. Different sensorbased control systems can be built on this principle. For the deviated pursuit, there exists a nonzero angle between the line of sight and the velocity vector. Even though the pursuit seems to be an easy problem because of the simplicity of its principle, its equations are rather difficult to solve [24] . The proportional navigation can be seen as a generalization of the pursuit. For the proportional navigation, the angular velocity of the pursuer is proportional to the rate of turn of the line of sight angle. These guidance laws will be discussed in more details when elaborating the corresponding control law for the robotic convoy.
B. Robotic Convoy Based on the Velocity Pursuit Guidance Law
In the velocity pursuit, the velocity vector of robot lies on the line of sight joining robot and robot . This means that the velocity vector of lies in the line of sight . The velocity pursuit is characterized by two relations, one vectorial and one scalar. These relations are (19) This relation states that lies on . The scalar relation concerns the direction and is stated as follows: (20) Under (19) and (20), the orientation angle of is given by (21) By taking the derivative in (21), we get (22) which means that the angular velocity of is equal to the rate of turn of the line of sight angle between robots and
. The values for the radial and tangential velocity components under the velocity pursuit are given by (23) which can be written as (24) This is a simple two-dimensional nonlinear system. However, the analytical solution for this system is not possible in general. The kinematics equations for the motion of robot under the velocity pursuit are given by (25)
C. Robotic Convoy Based on the Deviated Pursuit Guidance Law
In the deviated pursuit, there exists a constant nonzero angle between the velocity vector of robot and the line of sight . In this case, (21) becomes (26) where is a constant angle for all following robots. Equation (22) is also valid for the case of the deviated pursuit. The sign of the angle and the direction of determine whether it is lead or lag pursuit.
In the case of the deviated pursuit, the radial and tangential velocities between two successive robots are (27) There exists a constraint on the angles , where . Otherwise, it becomes an escape instead of a pursuit. Even though the tracking is accomplished successfully when , the error in the path between two successive robots becomes important as , which is not convenient for robotic convoy or car-following problems. For robotic convoy, the aim of the following robots is to track the same trajectory as the lead robot. To accomplish this task, small values of are recommended, since they represent small deviations from the line of sight angle. Consequently, the deviated pursuit can be used in a pursuit fashion. Under these conditions, there exists a maximum tolerable value for , which we denote by . can be chosen depending on the application and also the type of trajectory traveled by the convoy. In this paper we set , restricting the interval for such that . It is worth noting that can be used in some situations for path correction, as we will see in the simulation. The kinematics equations for the motion of robot under the deviated pursuit are (28) This case can be seen as the general case of the pursuit, since the velocity pursuit can be recovered when .
D. Robotic Convoy Based on the Proportional Navigation Guidance Law
As mentioned previously, the velocity and deviated pursuits are special cases of the proportional navigation guidance law. In the proportional navigation, the following relation is satisfied: (29) The velocity and deviated pursuit are recovered for . For the velocity pursuit, the initial state satisfies (30) Usually for the proportional navigation, is a constant real number with . For higher values of , the tracking problem under the proportional navigation becomes a rendezvous problem. In order to use the proportional navigation guidance law for the convoy problem, we suggest that (31) where is a small real number describing how much the proportional navigation will be deviated from the velocity pursuit. Similar to the deviated pursuit, there exists a maximum tolerable value for , which is denoted by . can be chosen depending on the application and the trajectory type of the convoy. We suggest in this paper to take , which means that the proportional navigation will be deviated from the velocity pursuit by 10% of the value of the line of sight angle. Thus the proportional navigation will be used in a similar way to the deviated pursuit, but with a time-varying deviation angle. For the purpose of robotic convoy, we define the proportional navigation by the following system: (32) The kinematics equations under the proportional navigation between two successive robots are the following: (33) with . These equations are similar to the equations of the deviated pursuit. The main difference is that the deviation angle here is proportional to the line of sight angle, while it is constant for the deviated pursuit. The kinematics equations for the motion of robot under the proportional navigation are given by (34) Clearly, the case when corresponds to the velocity pursuit.
In the next section, we address the problem of keeping the distance between robots constant. Also, important properties of the control laws are discussed and proven.
V. CONVOY WITH CONSTANT DISTANCE BETWEEN ROBOTS
The aim here is to design a second control law to keep the relative distance between pairs of robots constant for all three control strategies. The control input is the linear velocity for robots. For all three strategies, the derivation of the second control law is simple and based on the kinematics equations between two successive robots. We also elaborate an analysis of the strategies being used, and prove some important results concerning the tracking problem in the convoy.
A. Velocity Pursuit With Constant Distance Between Robots
We rewrite the equation for the relative radial velocity under the velocity pursuit guidance law as (35) The relative distance between and can be decreasing, constant, or increasing depending on the values of , and (which is a function of the orientation angle of robot and the line of sight angle between robots and ). If meaning that , then the relative distance is decreasing and will collide with . If meaning that , then the relative distance is increasing and will escape from . The third case which is desired is characterized by . In this case, the relative distance is constant. From (35), we have (36) which is equivalent to . When is constant, we get (44) Thus, the path of robot can be obtained from robot , and the path of all robots can be obtained from the path of robot .
The equations obtained here for the velocity pursuit can be used to model the problem of tracking for various sensor-based control laws, for example, when the control law is based on artificial vision or light sources. This renders the mathematical analysis of these control algorithms possible.
As shown in (22) , the angular velocity in the pursuit law is equal to the rate of turn of the line of sight angle between two successive robots. Thus must be a bounded function. This point is captured by the following proposition.
Proposition 1: Under the velocity pursuit with constant distance between two successive robots, the control input for the angular velocity is a bounded function.
Proof: The proof is based on the use of the equation for the relative tangential velocity under the velocity pursuit, which is given by (45) and the control law for , which is given by (22) . Under the velocity pursuit with constant distance between two successive robots, the relative distance in the expression of the tangential velocity is constant and replaced by . In this case, we get (46) Thus, is a bounded function. In a convoy, when the robots are controlled based on the velocity pursuit law, the aim of robot is to imitate its lead robot in the motion. This is stated mathematically as follows.
Proposition 2: Under the velocity pursuit, the orientation angle of robot tracks the orientation angle of robot , i.e., . Proof: The proof is based on the use of the equation for the tangential velocity subject to the velocity pursuit strategy, which gives (47) This system has two equilibrium solutions, namely and . By linearizing near each equilibrium solution, we get (48) and (49) Both equilibrium solutions are hyperbolic, which means that there exists an equivalence between the linear and the nonlinear systems. Thus is asymptotically stable, and is unstable. This means that will track its stable equilibrium solution which is . Thus, . Proposition 3: Under control laws (21) and (37), the linear velocity of robot tracks the linear velocity of robot , i.e., . Proof: By combining the previous result and the equation for the velocity of given by (50) we get as . An important property of the velocity pursuit is that aims to null the error in the orientation angle by nulling the error , therefore, in the velocity pursuit .
B. Deviated Pursuit With Constant Distance Between Robots
The derivation of the second control law for robots in order to keep the distance between two successive robots constant is similar to the previous case. For robots navigating under the deviated pursuit, we have (51) with . Similar to the velocity pursuit, the control input for the angular velocity in the case of the deviated pursuit is also a bounded function. This can be proven using the equation for the line of sight angle rate. As proven, we have under the deviated pursuit , from which we get . As we mentioned previously, for the velocity pursuit, aims to null the difference . This is not the case for the deviated pursuit, where aims to null the error in the orientation angle by nulling the quantity , therefore, in the deviated pursuit.
C. Proportional Navigation With Constant Distance Between Robots
For robots navigating under the proportional navigation, constant relative distance between two successive robots requires (61) with . The following proposition states that the angular velocity under the proportional navigation guidance law is bounded.
Proposition 7: Under the proportional navigation with constant distance between two successive robots, the control input for the angular velocity is a bounded function.
Proof: For the proportional navigation with constant relative distance, the tangential velocity is given by (62) which can be reduced using trigonometric identities to the following equation: (63) which is equivalent to (64)
Since
, the values of will lie in a given interval , with near 1 (for , ). Thus, is a bounded function in this case also.
Similar to the deviated pursuit, the value of in this case is in general greater than the case of the velocity pursuit. It is the same for the linear velocity. Similar to the pursuit, we have the following results for the proportional navigation.
Proposition 8: Under the proportional navigation with , the orientation angle of tracks the orientation angle of , i.e., . Recall that . Thus, we get as . Under the proportional navigation, aims to null the error in the orientation angle between successive robots by nulling the difference , thus in the proportional navigation.
Equations (37), (51), and (61) show that the linear velocity of robot is proportional to the velocity of robot with a time-varying proportionality factor (71) Fig. 4 . Illustration of the path correction using the deviated pursuit.
Clearly, the linear velocity of robot depends on the following factors.
1) The linear and angular velocity of robot .
2) The line of sight angle between robots and , which is a geometrical quantity.
3) The deviation angle in the case of the deviated pursuit. 4) The proportionality factor in the case of the proportional navigation. In some situations, the path traveled by under the velocity pursuit is not exactly the path traveled by . There exists an error between and when the path of is curved and the distance traveled by is smaller than the distance traveled by . The deviated pursuit and the proportional navigation can be used for the path correction of the following robots. This task is accomplished by choosing the appropriate values of the deviation angle or the navigation constant. For the deviated pursuit, this is illustrated in Fig. 4 . Clearly, the velocity pursuit requires to move on the line of sight with . This path is different from . The deviation angle allows to perform a lag pursuit in order to match and . The price to pay is a higher value of compared to the velocity pursuit. Note that the error is small as is small, but it becomes more important when increases. Note also that this error does not affect the tracking process.
The implementation of the method for the three guidance laws strategies requires the knowledge of the linear and the angular velocity of the lead robot and the line of sight angle. This can be accomplished by using continuous measurements. The algorithm can also be implemented using a communication system, where each lead robot communicates information concerning its linear velocity and its orientation angle to its following robot. Moreover, the integration of the three guidance strategies in the same robotic convoy is possible.
VI. SIMULATION
We present examples where the robotic convoy is simulated. The convoy consists of five or six robots. For simplicity, we assume that the velocities, the distances, and the time are without units. We consider different types of motion, such as circular motion, sinusoidal motion, and spiral motion. The influence of the sensors noise in considered in the last example. Example 1: Lead robot moving in a circle. Here, the lead robot moves with constant angular velocity and . There exists a maximum number of robots which can move in a circle with a given radius. We assume that the radius of the circle is large enough so that a specific number of robots can move in the circle. We also assume that are small enough so that each robot in the circle can point to its lead robot. As we mentioned previously, there exists an error in the path when the lead robot moves in a curved path and the following robots navigate using the velocity pursuit. Our aim in this example is to illustrate the path correction using the deviated pursuit, when the lead robot moves in a circle.
Simulation for this case is illustrated in Figs. 5 and 6 , where the following robots navigate using the velocity pursuit and the deviated pursuit, respectively.
After the transient phase, the motion of all following robots becomes circular for all three strategies. However, the following remarks are due.
1) For the velocity pursuit, all robots in the convoy move in a circular motion, however the radius for robot is Fig. 7 . Error in the path when the lead robot moves in a circle and the following robot is using the velocity pursuit.
slightly smaller than the radius for , as shown in Fig. 5 . The error in the radius depends crucially on the distance . This error becomes very small for small values of . 2) It is possible to correct the path of the following robots by using the deviated pursuit or the proportional navigation. This can be accomplished by acting on the deviation angle or the navigation constant. In this case, it is particularly simple to calculate the deviation angle or the navigation constant so that successive robots move in the same path. The path correction is illustrated in Fig. 6 , where the deviation angle is given by . The error in the radius between two successive robots can be determined as follows.
Consider a convoy of two robots, a lead robot and a following robot , is the distance between the robots. At the end of transient period, the lead robot moves in a circle of radius and the following robot moves in a circle of radius . Let us take the origin of the reference frame at the center of the two circles as shown in Fig. 7 . According to the first equation in system (9) , the distance between point and (denoted by ) and the distance between point and (denoted by ) vary as follows: (72) Since the robots move in a circle, we have and thus and . (Clearly, with this particular choice of point , we have and ). According to the velocity pursuit, we have , which means that , and thus, the line of sight is perpendicular to , as shown in Fig. 7 . This allows us to write (73) Now, in order to see the influence of , we write as a fraction of , i.e.,
, and we replace in (73) to get
Equation (74) allows us to express the error between and as a function of , which represents the ratio between the radius of and the distance . From (74), the error becomes smaller for smaller values of (higher values of ). For example, if , and , then , and the error between and is 0.005, which is a small error.
It is worth noting that the deviated pursuit can be used also to correct the robots paths, when the robots do not present the same turning characteristics. For example, in the case when can perform a turn with a given radius, while cannot perform the same turn because of the constraint on its turning radius. The appropriate choice of allows to to follow with some deviation and satisfy the constraint on its turning radius.
Examples 2 and 3 illustrate the case when the lead robot moves with a variable curvature along the path.
Example 2: Lead robot moving in sinusoidal motion. This scenario is illustrated in Fig. 8 . The following robots are using the velocity pursuit. Fig. 9 shows enlargements in regions I and II in Fig. 8 . The orientation angle of the robots in the convoy is depicted in Fig. 10 . Clearly the orientation angle for is just a delayed version of . Example 3: Robots moving in spiral motion using the deviated pursuit. The scenario for this example is shown in Fig. 11 , where the following robots use the deviated pursuit. Enlargements in region I and region II in Fig. 11 are shown in Fig. 12 .
Example 4: Navigation using the proportional navigation. This example illustrates the navigation using the proportional navigation. The navigation constant is . The convoy consists of five robots, and is illustrated in Fig. 13 . Enlargements in regions I-through IV in Fig. 13 are shown in Fig. 14.
Similar to any control or navigation strategy, the navigation strategy based on guidance laws can be affected by sensor noise. This problem is briefly considered in the next example.
Examples 5 and 6 illustrate convoys with a larger number of robots.
Example 5: A relatively complex path. This example presents a relatively complex path, where the robots move in lines and curves of different radius of curvature. The convoy uses the velocity pursuit. Simulation of this example is shown in Fig. 15 for a convoy of 12 robots. Clearly, the complexity of the trajectory does not affect the control strategies, since complex trajectories can be seen as a combination of simple trajectories.
Example 6: Robots moving in spiral motion using the velocity pursuit.
The convoy moves in a spiral motion similar to example 3. However, the convoy uses the velocity pursuit instead of the deviated pursuit. Simulation of a convoy of 12 robots for this example is shown in Fig. 16 .
Example 7: In this example, our aim is to briefly study the influence of sensor noise on the path of the following robots. Sensor noise can affect all measured quantities, such as the line of sight angle, or the lead robot's orientation angle or linear velocity. We restrict our study to the error due to the measurement of the line of sight angle. The measured value of the line of sight angle between and is given by
We consider two cases. In the first case, is a random function (as shown in Fig. 17 ). In the second case, is proportional to the line of sight angle, we take . Note that this error is quite large. Simulation of the convoy for both cases is shown in Figs. 18 and 19 . The error in the path can be seen in these figures. However, this error is small when considering the noise level. Different techniques such as filtering can be used to improve this aspect.
VII. CONCLUSION
The theoretical framework of controlling a convoy of wheeled mobile robots was considered in this paper. The control strategy is derived on guidance laws based on geometrical rules. This formulation of the problem of robotic convoy facilitates modeling of various tracking systems based on sensors or vision. It also facilitates a rigorous analysis of these systems. Three different methods are used and two control laws for each following robot are derived. The control law for the orientation angle is directly derived from the guidance laws equations after elaboration of the kinematics equations between successive robots. The second control law designed for the linear velocity aims to keep the distance between robots constant. Here, the kinematics equations between two successive robots subject to the guidance law are used. Important properties of the method are discussed. Unlike visual servoing methods, which are feature-based methods, the strategies suggested here are model-based, since they explicitly use the kinematics models of the robots in the convoy. Model-based methods may be more accurate for fast and realtime tracking. Unlike vision-based methods, they do not require the processing of the huge amount of data coming from the camera or camera calibration. Both strategies use Kalman filtering to predict and estimate the position/velocity of the lead robot.
It is shown that for all three strategies, each following robot imitates its lead robot, where the angular velocity of each following robots tracks the angular velocity of its lead robot, and the linear velocity of each following robots tracks the linear velocity of its lead robot. Simulation confirms the validity of our approach.
